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An emerging area in condensed matter physics is the use of multilayered heterostructures to
enhance ferroelectricity in complex oxides. Here, we demonstrate that optically pumping carriers
across the interface between thin films of a ferroelectric (FE) insulator and a ferromagnetic metal
can significantly enhance the FE polarization. The photoinduced FE state remains stable at low
temperatures for over one day. This occurs through screening of the internal electric field by the
photoexcited carriers, leading to a larger, more stable polarization state that may be suitable for
applications in areas such as data and energy storage.
PACS numbers: 77.55.fe,78.66.-w,73.21.Ac,73.50.Gr
The wide variety of applications for ferroelectric (FE)
materials [1] has motivated many fundamental studies
aimed at controlling their properties, particularly by in-
creasing the FE polarization and its transition temper-
ature Tc. Arguably the most heavily studied class of
ferroelectrics are the highly polarizable perovskite oxides
ABO3 (e.g., BaTiO3), in which the center cation (A
+)
is displaced along one direction with respect to the sur-
rounding oxygen octahedron (O2−), resulting in a spon-
taneous polarization that can be switched between differ-
ent potential wells with an applied external electric (E)
field below Tc (Fig. 1(a)). Interest in these materials
substantially increased when they were first fabricated
in thin film form in the 1980s, since this enabled their
integration into semiconductor chips [1].
Strain can provide an avenue for tuning the proper-
ties of thin FE perovskite oxide films by forcing their in-
plane lattice constant (ain) to match that of the substrate
[2]. This reduces the number of possible displacement di-
rections (i.e., positive and negative directions along the
edges or diagonals of a cube) for the A+ ion. There-
fore, even in the paraelectric (PE) phase the symmetry
is lowered [3], resulting in an increase in Tc [2–4]. For
example, in the case of compressive strain on a cubic sub-
strate, elongation along the surface normal reduces the
number of possible displacement directions to two (either
up or down along the surface normal). The free energy
of this system can be represented by a double-well po-
tential (DWP) (Fig. 1(a)), in which the lower potential
well is determined by boundary conditions (e.g. strain,
E field, interface atomic structures, etc.) that sets the
direction of A+ displacement and thus the FE polariza-
tion. However, this displacement is reduced when the
FE polarization is terminated at the film interfaces, as
this creates a large internal ”depolarizing” E (Eint) field
in the opposite direction that reduces remanent polariza-
tion (Pr, the polarization without an external applied E
field) [1, 5, 6]. This can be overcome by adding charge
at the interfaces to screen the depolarizing field, allowing
Pr to nearly reach the bulk value [5].
This fundamental coupling between Eint and Pr limits
a variety of nanoscale device applications (e.g., data stor-
age), since various complex boundary conditions (e.g.,
interface electrostatic structure and chemical bonding)
usually result in incomplete charge screening that is sen-
sitive to external parameters [5]. Therefore, a substantial
portion of current research focuses on obtaining high Pr
at the nanoscale [2, 5, 7, 8].
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FIG. 1: (color online) (a) DWP energy (F ) as a function
of A+ displacement (d) in the FE tetragonal structure. The
A+ (Ti4+ in BSTO) ion displaces from the center, breaking
inversion symmetry along the tetragonal axis. (b) Polar plot
of the SHG signal in BSTO/LCMO/MgO detected for both s
and p polarizations. The SHG signal originates from the C4v
symmetry, with the optical axis along the tetragonal long axis.
In this context, it is surprising that relatively little
work has explored the use of optical methods for en-
hancing Pr, particularly when an FE film is combined
with another complex oxide film in a multilayered struc-
ture to provide additional functionality. One of the most
straightforward ways to optically enhance ferroelectricity
would be to photoexcite carriers that screen the depolar-
2izing E field. However, in individual FE films, electron-
hole recombination limits the carrier lifetime, minimiz-
ing this enhancement [9]. This could be overcome by
using a bilayered heterostructure, in which one species of
photoexcited carrier (e.g., holes) is isolated on the non-
FE side of the interface and the other species (e.g., elec-
trons) is isolated in the FE film, minimizing recombina-
tion. This would result in physically separated, long-lived
screening charges, potentially leading to high Pr.
In this Letter, we demonstrate a non-contact, all-
optical method for writing and reading the FE polar-
ization in Ba0.1Sr0.9TiO3 (BSTO) thin films that are
grown on ferromagnetic (FM) metallic manganite thin
films on different substrates. The lattice mismatch be-
tween BSTO and the manganite layers fully strains the
BSTO films, giving rise to higher FE Tc’s than in the
bulk. More importantly, by photoexciting the man-
ganite films at 1.59 eV, we were able to enhance Pr
through charge transfer across the BSTO/manganite in-
terface, as revealed by measuring the resulting 3.18 eV
second-harmonic generation (SHG) signal from the FE
polarization in BSTO. We observe that this new state
has a very long lifetime (over one day) after removal
of the initial photoexcitation, suggesting that growth of
FE/manganite bilayers offers a new avenue for optically
increasing and stabilizing FE order.
Our SHG experiments are based on an amplified
Ti:sapphire laser system producing pulses at a 250 kHz
repetition rate with ∼100 fs duration and energies of ∼4
µJ/pulse at a center wavelength of 780 nm (1.59 eV). Us-
ing a single laser beam, SHG is generated from BSTO at
3.18 eV upon photoexciting the manganite films at 1.59
eV, after which it is detected by a photomultiplier tube
(PMT) using lock-in detection after filtering out the fun-
damental signal. The fundamental light polarization is
controlled by a half-wave plate and the SHG signal is de-
tected for either p or s polarizations. The standard laser
fluence used for SHG in our measurements is F0 ∼0.25
mJ/cm2.
The samples used in our studies are 50 nm thick
BSTO films grown by pulsed laser deposition on 50 nm
thick optimally doped manganite films (La0.7Ca0.3MnO3
(LCMO) or La0.7Sr0.3MnO3 (LSMO)), using MgO or
SrTiO3 (STO) (001) substrates. The substrate tempera-
ture during film growth is initially optimized and main-
tained at 750 oC. The oxygen pressure during deposition
is 100 mTorr. The samples are cooled to room tempera-
ture in pure oxygen (350 Torr) without further thermal
treatment.
The structural properties of our samples were then de-
termined by X-ray diffraction (XRD) (Table 1). In the
10% Ba-doped STO films studied here, previous work has
revealed a rich phase diagram when varying the strain [4].
In particular, above 0.2% in-plane compressive strain,
elongation along the surface normal results in a transition
to a tetragonal structure below 75 K, in which the FE
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FIG. 2: (color online) SHG intensity of various films mea-
sured for (pin,pout). Each data set is normalized to its indi-
vidual signal at 10 K. Inset table lists the out-of-plane (c),
in-plane (ain) lattice constant, the in-plane strain, and Tc of
BSTO on various LC(S)MO/substrate, calculated from XRD.
polarization either points up or down along the c axis (as-
sociated with tetragonal C4v symmetry) (Fig. 1(a)). In
our samples, XRD shows that the small bulk lattice mis-
match between LC(S)MO and STO causes the LC(S)MO
films to be fully strained, matching the ain of STO. The
mismatch between LC(S)MO and MgO is much larger,
so that the LC(S)MO films are relaxed or partially re-
laxed. Furthermore, all BSTO layers are fully compres-
sively strained to match the ain of LC(S)MO (Table 1)
and thus have a tetragonal structure at room tempera-
ture. This is far above previously measured FE Tc’s for
single crystals or thick films, which are typically ∼70-80
K [4, 10, 11]. However, this does not necessitate the ex-
istence of a room temperature FE phase in our films, as
discussed in more detail below [2, 3].
In general, SHG originates from the high field-induced
polarization Pi(2ω) = χ
(2)
ijkEj(ω)Ek(ω), where Ej and Ek
are the incident electric field of the fundamental light
and χ
(2)
ijk is the tensor describing the second order nonlin-
ear susceptibility, which only has a non-zero component
when the crystal inversion symmetry is broken [12]. In
the PE phase, the strained BSTO film has a tetragonal
structure (with C4 symmetry), but there is no Ti
4+ dis-
placement to break inversion symmetry, and thus no sig-
nificant SHG signal. In the FE phase, Ti4+ displacement
breaks inversion symmetry, leading to an FE polariza-
tion directed along the surface normal (C4v symmetry).
In this symmetry, SHG is only allowed when the fun-
damental E field has a component along the FE dipole,
thus exhibiting a sinusoidal dependence on the incident
angle (as observed in separate angle-dependent measure-
3ments on our samples). Therefore, we used a reflection
geometry, in which the fundamental light was incident
at a ∼23o angle, to obtain the data shown here. Fig.
1(b) depicts the s and p polarized SHG signals measured
as a function of incident light polarization. We analyze
the observed pattern to confirm the C4v symmetry [2].
We also performed experiments on individual manganite
films to verify that the LC(S)MO layers do not contribute
to the measured SHG signal.
Fig. 2 displays the temperature dependence of the
SHG signal for all four of the samples studied here with
both fundamental and SHG light p polarized (abbrevi-
ated pin, pout), which is the configuration that consis-
tently gives the largest SHG signal for all samples. The
intersection of the two different slopes in the data in-
dicates Tc [2], below which the tetragonal c axis con-
tracts when heating. We find that Tc is highest in
the BSTO/LCMO/MgO sample, consistent with the fact
that the BSTO layer is under the highest strain. The
variation in Tc for the other samples with comparable
strain values is likely due to the complexity of the phase
diagram for BSTO in this strain range, particularly for
low Ba doping [4]. This makes Tc very sensitive to other
factors, such as the high photoinduced carrier concentra-
tions discussed below.
Fig. 3(a) shows the main result of this work, which
is our striking observation of a slow increase in the SHG
signal that nearly saturates after tens of minutes. To
generate the data in Fig. 3(a), we started at a fresh spot
on the sample, recorded a ”dark” signal with no laser
exposure for the first minute to calibrate the background
level, and then exposed the sample to the laser beam at
F0 ∼0.25 mJ/cm
2 to generate a SHG signal. The trace
depicting a discrete jump to the saturated state at 10 K
(pink curve) was obtained by exposing the sample to a
fluence nearly one order of magnitude larger while block-
ing the detector for one minute, so that the SHG signal
fell to zero. After this treatment, we again measured the
SHG signal at F0, revealing that it immediately jumped
to the saturated value, bypassing the slow increase ob-
served for lower intensities, after which it remained nearly
constant. In contrast, the data in Fig. 2 was taken while
heating the sample, after exposing a fixed spot on the
sample to the laser beam at 10 K until the SHG signal
was nearly saturated; this procedure ensured that all of
the temperature-dependent data was taken in the satu-
rated state.
The observed saturation phenomenon has the follow-
ing main features in common for all of our BSTO films:
(a) As the laser beam moves to a new spot, the entire
process repeats itself, with the SHG signal growing from
low to high values for all BSTO/manganite bilayers. (b)
The saturated signal is much larger at low temperatures
than at high temperatures (Fig. 3(a)), especially below
Tc in each film. (c) SHG saturation is suppressed in
pure BSTO films grown directly on STO or MgO sub-
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FIG. 3: (color online) (a) The time-varying SHG signals in
BSTO/LSMO/MgO at low and high temperatures. The de-
tailed measurement process and the difference between traces
are explained in the text. (b) Decay of the SHG signal mea-
sured at various temperatures after saturation upon removal
of photoexcitation. There is no observable decay within a day
at low temperatures.
strates. (d) The timescale required to reach saturation is
different at each temperature. (e) The long time required
to reach saturation at F0 can be circumvented when a
much stronger fluence is used before the sample is satu-
rated (pink curve in Fig. 3(a)). When comparing signals
from samples that have undergone this treatment, the
SHG is always detected at F0. (f) The SHG signal has
a strong correlation with Tc: the higher Tc, the higher
the SHG signal, both initially and in the saturated state.
(g) The SHG symmetry (Fig. 1(b)) does not change with
time; only the intensity varies with time. Saturation of
the SHG signal is observed in any configuration of fun-
damental and SHG polarizations, as long as there is a
detectable SHG signal. (h) The saturation is suppressed
and the high SHG signal disappears when the sample is
exposed to air, both of which recur when the sample is
returned to vacuum.
Another noteworthy result from our measurements is
the extremely long decay time of the photoinduced sat-
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FIG. 4: (color online) (a) Schematic band diagram of the BSTO/LC(S)MO interface [13, 14]. (b) Diagram of (tetragonal)
crystal field 3d orbital occupation in Ti4+ and Mn3+ under compressive and tensile strain, respectively. The dotted lines depict
degenerate levels before they are split by the crystal distortion. Before photoexcitation, Ti4+ has an empty d orbital while
Mn3+ has 3 electrons that half fill the t2g orbital and 1 electron that occupies an eg orbital [15]. Optical excitation promotes
one electron across the interface from Mn3+ to Ti4+, stabilizing the J-T distortion. (c) The final Pr is set by photo-carriers that
unbalance the DWP energy in the same way, favoring one polar direction irrespective of the initial direction (see text for more
detail). (d) After photoexcitation, eph propagate towards the BSTO surface, leaving holes behind at the LC(S)MO interface.
Green charges represent the initial FE polarization, and red charges represent photoexcited carriers (creating Eph) that screen
Eint, enhancing Pr and configuring the final polarization to point towards the BSTO surface (see text for more detail).
urated state. There is no observable decay for over one
day at low temperatures (upper panel of Fig. 3(b)) af-
ter saturation is reached and the laser beam is blocked
(only unblocking it to sample the SHG signal). After a
day with no discernible decay we moved the beam to a
fresh spot, after which it repeated the saturation process.
When we moved the beam back to the original spot, the
SHG signal returned with the same intensity. The SHG
signal only decays at higher temperatures (>300 K), with
a time constant of ∼3 hours at 385 K (lower panel of Fig.
3(b)) that decreases with increasing temperature.
All of the above phenomena are robustly reproducible.
Similar phenomena were previously studied in Si/SiO2
[16–18]. However, except for the observation of SHG
saturation in itself, those results conflict with our data,
including the dependence on temperature, power, and
symmetry, as well as the decay time.
To explain our observations, we first note that this
complex time-varying phenomenon is likely related to
photoinduced charge transport across the interface be-
tween BSTO and LC(S)MO, since it is suppressed in
a pure BSTO film and LC(S)MO alone does not con-
tribute to our SHG signal. We can support this hypothe-
sis by estimating the photoinduced interface charge den-
sity, ∼ 5×1013 cm−2, assuming that 10% of the pump
light is absorbed in LC(S)MO near the interface. This
corresponds to a polarization (P=Q/A, where Q is the
charge and A is the area of the laser spot) of ∼8 µC/cm2
in the saturated state. The overall ∼500-800% increase
in SHG intensity from the initial state to the saturated
state at 10 K (Fig. 3(a)) corresponds to a ∼200-300 %
enhancement in the FE polarization, indicating that the
initial Pr∼2-4 µC/cm
2. This is comparable to previously
reported values for Pr both near this Ba concentration
[10] and at higher concentrations [19–23], validating our
hypothesis that the polarization enhancement is linked
to the photoinduced interface charge density.
We can draw additional conclusions from the other ob-
servations described above. For example, the long-lived
nature of the photoinduced state suggests that recombi-
nation of the photoexcited carriers is negligible. Further-
more, the strong effect of air exposure on the observed
phenomena indicates involvement of the BSTO surface
charge. In addition, ferromagnetism in the LC(S)MO
layers does not appear to play a role in the observed
phenomena on the timescales discussed here. Finally,
the lack of variation in the SHG polar pattern with time
demonstrates that the symmetry of BSTO remains the
same upon photoexcitation, indicating that the observed
slow increase in the SHG signal is due to further displace-
ment of the Ti4+ ions along the tetragonal axis.
Overall, these considerations suggest that the photo-
induced enhancement of the FE polarization is associ-
ated with charge screening at the BSTO surface and
BSTO/LC(S)MO interface that compensates the Eint
originating from FE dipoles, making further displace-
ment of Ti4+ energetically favorable. We note that ex-
pansion of BSTO along its tetragonal axis could also lead
to an increase in the Ti4+ displacement and consequent
increase in the SHG signal. However, photoinduced heat-
ing in LC(S)MO causes all three of its crystal axes to
expand; the expansion in the ab plane of LC(S)MO will
cause the c axis of BSTO to contract, and thus cannot
explain our observations.
Based on the above considerations, we provide a phe-
nomenological model to explain the mechanism, neglect-
5ing more complex interfacial effects such as band bend-
ing and hybridization between Mn and Ti atoms. We
begin by microscopically examining the photoinduced
charge transfer across the interface. Fig. 4(a) displays
a schematic band diagram of the interface between in-
sulating BSTO and metallic LC(S)MO. Conduction in
LC(S)MO originates from Mn(3d) electrons, while the
gap in BSTO is between valence O(2p) states and con-
duction Ti(3d) states (with a bandgap of ∼3.3-3.9 eV
[13, 24–28]). Our XRD data indicates that the Ti4+ and
Mn3+ ions are under compressive and tensile strain, re-
spectively, causing the doublet eg and triplet t2g levels
associated with both ions to split [15]. In the FE phase
of BSTO the resulting elongation of the c axis splits the
Ti t2g states into a doublet (dz2 , dx2−y2) and a singlet
dxy, stabilizing the Jahn-Teller (J-T) distortion, which is
specifically sensitive to the strain [15] (Fig. 4(b)). Pho-
toexciting the system at 1.59 eV, which is smaller than
the band gap of BSTO but larger than the band offset
between the BSTO conduction band and the LC(S)MO
Fermi level [14] (Fig. 4(a)), transfers one electron from
LC(S)MO across the interface to occupy the Ti4+ dxy
level, changing its valence to Ti3+ and further favoring
the J-T distortion.
If these photoexcited electrons (eph) remain near the
interface, they will quickly recombine with the photoex-
cited holes (hph). This can be avoided if the static FE
polarization points towards the BSTO surface, as Eint
(pointing in the opposite direction) will cause eph to
move towards the BSTO surface, while hph remain in
LC(S)MO near the interface. These photoexcited charges
will then compensate the static FE dipoles at both inter-
faces, reducing Eint and enhancing the FE polarization
(Fig. 4(d)).
In fact, even if the static FE polarization initially
points towards the BSTO/LC(S)MO interface, we ex-
pect that the final Pr will point towards the BSTO sur-
face. This can be seen by considering the photoinduced
changes in the DWP. The separation of eph and hph
across the interface produces a large interfacial electric
field (Eph ≫ Eint ) directed towards the BSTO surface,
which acts like an applied E field that unbalances the
DWP energy (Fig. 4(c)) and displaces Ti4+ ions towards
the surface, causing Pr to point in that direction.
Further support for this mechanism comes from not-
ing that holes in LC(S)MO cannot cross the interface,
as this would require one electron to move from BSTO
to LC(S)MO, which is not possible since the Ti4+ d or-
bital is empty and the BSTO O(2p) states are too far
away in energy. If hph move away from the interface into
LC(S)MO, then the energy required to sustain their sep-
aration from the eph is greater than that gained through
compensation of the BSTO surface charge. Photoexcited
holes can thus minimize their energy by remaining at the
interface.
Our results also suggest that the higher Tc’s mea-
sured in our samples (Fig. 2) as compared to previous
work in which the strain was varied [4] is associated with
the screening of Eint by photoexcited carriers. Similarly
higher Tc’s were previously observed in BaTiO3 films
sandwiched between metallic electrodes [2], even though
the magnitude of the strain was similar to that in a sin-
gle film. The reason for the higher Tc’s observed in that
work was not given; however, our work indicates that it
likely originates from screening by carriers in the metal
electrodes [6].
Finally, the long-lived FE polarization observed here
at low temperatures is consistent with electrostatic force
microscopy (EFM) measurements [8]. In that work, once
the FE polarization was written by applying a voltage,
it remained relatively stable for days and only became
unstable above Tc. We did not use this method to de-
termine the Tc of our samples, since even at high tem-
peratures the decay is still quite slow, which could lead
to overestimation of the Tc. However, when examin-
ing two samples at 350 K, the sample with lower Tc
(BSTO/LSMO/STO) decays more rapidly than the one
with higher Tc (BSTO/LSMO/MgO), as expected.
In summary, using an optical-write SHG-read tech-
nique, we are able to create an enhanced polariza-
tion state that remains stable for over one day in
BSTO/LC(S)MO heterostructures. The magnitude of
the estimated initial and final remanent polarization
agrees with previously reported values. The ”ON” and
”OFF” processes initiated through photoexcitation in
vacuum and through exposure to air, respectively, opens
the possibility of non-contact optically-controlled data
storage. In addition, the long-lived photoinduced FE
state stores photoexcited carriers by confining one species
at the interface and another at the surface, making it a
good candidate for solar energy storage [29, 30] below
Tc. This work thus represents an excellent example of
the novel functionality that can result from combining
different complex oxides.
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